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Abstract With widely used concurrent and collaborative
engineering technologies, the validity and consistency of
product information become important. In order to establish
the state of the art, this paper reviews emerging concurrent
and collaborative engineering approaches and emphasizes on
the integration of different application systems across prod-
uct life cycle management (PLM) stages. It is revealed that
checking product information validity is difficult for the cur-
rent computer-aided systems because engineering intent is
at best partially represented in product models. It is also not
easy to maintain the consistency among related product mod-
els because information associations are not established. The
purpose of this review is to identify and analyze research
issues with respect to information integration and sharing
for future concurrent and collaborative engineering. A new
paradigm of research from the angle of feature unification
and association for product modeling and manufacturing is
subsequently proposed.

Keywords Concurrent and collaborative engineering ·
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Introduction

As an advanced methodology for product development and
manufacturing, since 1980s, concurrent engineering has been
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well studied and widely implemented in industry to compress
time to market and cost (Prasad 1996). The basic concept is
to achieve concurrency and close-loop evolution in product
development and manufacturing processes via a tight inte-
gration of applications and parallel engineering. Concurrent
engineering considers all life cycle issues simultaneously.
The traditional sequential mode of product development has
been changed into an iterative and evolutionary mode. On the
one hand, to realize the overall required product functions,
many aspects need to be considered, such as the spatial, sta-
bility, and esthetic concerns in building design (Rosenman
and Gero 1996). On the other hand, to fulfill product life
cycle requirements, downstream stages, such as machining
and assembly for mechanical products, need to be consid-
ered in the early stages, such as conceptual design, to opti-
mize the product and its related processes (Xue et al. 1999;
Xue and Yang 2004; Roucoules et al. 2003; Feng and Song
2000). These publications reveal the complexity of the inher-
ent relations across product life cycle stages. Traditionally,
concurrent engineering is adopted in single or closely part-
nered companies, such as Boeing, General Motors, Toyota
and their major suppliers. In the development of this technol-
ogy, feature-based engineering has played a major role as one
of the corner stones in effectively implementing knowledge
embedment and modular information support within many
computer aided systems, such CAD, CAM, CAPP applica-
tions (Shah and Mantyla 1995; Otto 2001). Since the intro-
duction of feature technology two decades ago, it was proven
to be a useful tool to model engineering semantics as well as
to maintain associations among geometric entities.

Collaborative engineering is a technological approach
that supports distributed, multi-disciplinary, and multi-
organizational teams during the product development and
manufacturing processes. This approach is motivated by the
globalization of economy and boosted by the developments
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of supply chain (Chopra and Meindl 2007) and the Internet
(Fuh and Li 2005; Yang and Xue 2003; Wang et al. 2002).

Today, customer requirements on product quality, time-to-
market and manufacturing cost have become more and more
stringent. Global product design and manufacturing has been
pushing the adoption of a combined concurrent and collabo-
rative engineering approach. This approach requires the inte-
gration of business and engineering application systems in an
effective and efficient manner and involves the management
of product data, process data, and engineering knowledge.
Consequently, the importance of the validity and consistency
of product and process information is emphasized; however,
existing computer-aided systems have difficulties to fulfill
this requirement. Therefore, a review of the state of art in
this aspect of the concurrent and collaborative engineering is
a timely effort in order to consolidate the potential new direc-
tions of research in the field. So far, there is not an updated
and thorough review available from this angle.

This review starts with a review of feature-based tech-
nologies for product modeling and manufacturing (see
section “Feature-based product modeling”). Several funda-
mental aspects of feature technologies, which include fea-
ture definitions, geometric representation schemes, feature
relations, validity checking, and feature-based application
integration, are discussed. Then, in Section “Developments
and requirements of feature-based concurrent and collabora-
tive engineering”, the current development and requirements
of concurrent and collaborative engineering are studied. Key
technological aspects are covered, such as application inte-
gration, enterprise resources planning, knowledge-based
engineering, etc. Existing shortcomings of concurrent and
collaborative engineering are identified. Section “Research
issues” analyzes research issues to highlight the require-
ments for a new approach. It is believed by the authors that
the existing feature technologies has to be significantly fur-
ther-developed by a unification approach to meet the model-
ing requirements of engineering informatics. Consequently,
based on the review findings, Section “The authors’ view
of a new paradigm” proposes a new research approach, i.e.
a unified and associative feature technology from the angle
of supporting concurrent and collaborative engineering. The
“Conclusions” section concludes this paper.

Feature-based product modeling

In this section, past research works on feature definitions,
feature-based application, and feature-based integration
methods are briefly reviewed.

Historical definitions of features

The concept of features is flexible and can be used in many
aspects of mechanical engineering (Shah and Mantyla 1995).

Early representative definitions are more specifically
associating geometries of a part with certain engineering
meanings; they include Regions of interest in a part model
(Wilson and Pratt 1988); Geometric forms or entities that
are used in reasoning in one or more design or manufactur-
ing activities (Cunningham and Dixon 1988); Generic shapes
associated to certain properties or attributes as well as knowl-
edge useful in reasoning about the product (Shah 1991); or
Regions of an object that are meaningful for a specific activ-
ity or application (Vandenbrande and Requicha 1993). More
recently, feature definitions are more expanded to cover the
applications in different stages of product life cycles. For
example, Martino et al. define a feature as a set of form ele-
ments with functional meaning in a given application context
that allows an association between shape and functionality
(Martino et al. 1998) while Bidarra and Bronsvoort general-
ize a feature as a representation of shape aspects of a prod-
uct that are partially mapped onto a generic shape and are
functionally significant for some product life cycle phases
(Bidarra and Bronsvoort 2000). These definitions reveal that
features have two fundamental characteristics: (1) Features
relate to product geometry on a level higher than geomet-
ric and topological entities; (2) they represent engineering
intent.

The fundamentals of feature technology

As flexible and useful building blocks of product models,
three fundamental aspects of features have to be addressed:
geometric representation, data relation management, and
model validation. The relevant research is reviewed in this
sub-section.

Geometric representation schemes

The mainstream geometric representation schemes used in
feature-based modeling systems are boundary representa-
tion (B-rep) and constructive solid geometry (CSG) (Shah
and Mantyla 1995). B-rep explicitly stores part boundary,
such as faces, edges, and vertexes. Low level information is
hence available but the data structure is complex for specifi-
cation and modification. In contrast, CSG uses primitive sol-
ids and set operations to construct part geometry. Low level
information is not available but the data structure is com-
pact and easily used during specification (Requicha 1980;
Hoffman 1989). Usually, these two schemes are combined
(Gossard et al. 1988; Roy and Liu 1998; Venkataraman et al.
2001).

Relations in a feature-based application model

A feature combines geometric and non-geometric entities.
Therefore, compared with geometric models, relations are
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more complex in feature models. Managing these relations,
especially the non-geometric ones, is essential for the valid-
ity of a product model (Otto 2001). Relations in a feature-
based product model can be classified into two categories,
geometric relations and non-geometric relations (see also
Table 1).

Geometric relations refer to those constrained associa-
tions among topological or geometrical entities, i.e. solids,
faces, edges, vertices, surfaces, curves, points, etc. Many
publications focus on geometric relations in a feature model
(Shah and Rogers 1993; Brunetti et al. 1995). These rela-
tions are explicitly declared and represented as geometric
constraints, which allows maintaining the geometric integ-
rity of features. Sometimes, unintentional feature interac-
tions may affect validity of features (Karinthi and Nau 1992;
Bidarra et al. 1997; Hounsell and Case 1999). These interac-
tions usually cannot be prevented by geometric or algebraic
constraints. Such geometric feature interactions can only be
managed through associations between a feature model and
a geometric model.

Non-geometric relations refer to any dependency associ-
ations involving entities representing non-geometric proper-
ties. For example, in process planning, the clamping faces
or accessing faces are required to machine a feature. Inter-
ferences may occur if a wrong machining sequence is used
(Faheem et al. 1998). Then the constraints applied to define
interference checking entities are non-geometric relations.
Taking another example, two features, which may not over-
lap spatially and even belong to different product life cycle
stages, may interact with each other (Regli and Pratt 1996).
Such interactions defined are also non-geometric relations. In
addition, non-geometric relations also exist between features
and non-geometric entities. For example, at the design stage,
functional-form matrixes, bipartite function-feature graphs,
design flow chains, design key characteristics, and mapping

hierarchies can be used to link abstracted concept features
to product functions (Feng et al. 1996; Mukherjee and Liu
1997; Whitney et al. 1999; Brunetti and Golob 2000; Brunetti
and Grimm 2005). At the process planning stage, machining
features are also related to non-geometric entities, such as
machines, cutting tools, and machining processes
(Khoshnevis et al. 1999; Sormaz and Khoshnevis 2003). Cur-
rently, it is still a challenge of research to completely repre-
sent non-geometric relations and to validate product models
using non-geometric relations.

Using features to maintain a product model’s validity

A product model must have a sound mechanism to check its
validity. Compared to the strict validity maintenance mech-
anisms of B-rep or CSG, current feature-based modeling
schemes are weak in this aspect. Rossignac (1990) suggested
that validity of features should be defined in terms of the refer-
enced geometric entities as well as their existence, shape, and
relations to other geometric elements of the model. However,
the validity of features must be checked more widely. The
authors believe that a feature model is valid only when five
conditions are satisfied. Firstly, the geometric and algebraic
constraints specified on features are satisfied. Secondly, the
feature model is consistent with the geometric model (Laakko
and Mantyla 1993; Geelink et al. 1995). This consistency
should also be used to validate engineering intent (Martino
et al. 1994; Vieira 1995; Mandorli et al. 1997). Note that
in the aforementioned publications, engineering intent has
to be embedded into geometric, algebraic, or preliminary
semantic constraints such as the boundary or interaction con-
straints (Bidarra and Bronsvoort 2000) without explicit def-
initions. Therefore, during transformation along engineer-
ing processes, engineering intent is not maintained and very
often lost in downstream processes. Thirdly, non-geometric

Table 1 Summary of research on relations in feature-based applications

Relation nature Related entities Representation Source

Geometric relations Between geometric entities Geometric constraints Shah and Rogers 1993; Brunetti et al. 1995;
van Holland and Bronsvoort 2000

Between features Interaction constraints Karinthi and Nau 1992; Vieira 1995;
Bidarra et al. 1997; Hounsell and Case 1999

Non-geometric relations Between features and the
corresponding geometric
entities

Features refer to the
corresponding geometric
entities

Vandenbrande and Requicha 1993;
Bidarra and Bronsvoort 2000;

Laakko and Mantyla 1993; Mandorli et al. 1997
Between features Not mentioned Regli and Pratt 1996; Faheem et al. 1998;

Sharma and Hayes 2001
Between features and other

non-geometric entities,
such as functions,
behaviors, assembly
methods, machines,
cutting tools

Tables, graph, rules, etc. Schulte et al. 1993; Feng et al. 1996;
Anderl and Mendgen 1996; Mukherjee and Liu 1997;
Whitney et al. 1999; Khoshnevis et al. 1999;
Stage et al. 1999; Brunetti and Golob 2000; Park 2003
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constraints specified among features are satisfied. For exam-
ple, different machining sequences may influence the pres-
ence, shape, volume, and validity of machining features
(Regli and Pratt 1996; Faheem et al. 1998; Sharma and Hayes
2001). So far, in most of the commercial CAx systems, meth-
ods for the representation, validation, and maintenance of
inter-feature non-geometric constraints are insufficient.
Fourthly, features are consistent with the related non-geo-
metric entities. For example, the presence of features or the
values of feature parameters may be determined by functional
requirements or machining conditions (Anderl and Mendgen
1996; Oral and Cakir 2004). Lastly, the feature model is con-
sistent with the engineering intent.

The first aspect is the traditional constraint satisfaction
problem, which is mostly solved. Some researchers con-
sidered the second aspect but hardly touched on the other
three aspects although they are equally important for prod-
uct model validity.

Traditional feature-based applications

This subsection reviews definitions, semantics, and usage of
features in specific applications. Table 2 gives a summary of
the semantics and geometric representations of application
features.

Conceptual design features (also called functional features)

Activities during the conceptual design stage concentrate on
determining basic principles and critical specifications of a
product. The engineering intent in this stage is on the prod-
uct’s functions, structure, material, and other critical proper-
ties. Due to the lack of product details, only a few researchers
consider features in this stage. For example, functional fea-
tures (Mcginnis and Ullman 1992; Brown 2002), which are
non-geometric in nature, are only used to explain the pur-
pose of individual design objects. In the past, functional fea-
tures were used to associate product geometry with functions
because they are used in the reasoning form features’ usage
(Wood and Ullman 1996); form features were also connected
to product functions (Mukherjee and Liu 1997). The interest-
ing use of functional features was to represent interactions
between components based on physical effects, which are
crucial for function realization (Schulte et al. 1993). Func-
tional features associate surfaces, which interact with each
other, with the specific spatial arrangement and relative
motions of faces. This definition preliminarily links the real-
ization of product functions to the corresponding geometry
and topology. However, it does not fulfill two basic require-
ments, i.e. (1) representing functional requirements and real-
ization rules in features; and (2) supporting incomplete, inex-
act, yet critical product geometries.

Detailed design features

In the detailed design stage, the main task is specifying the
detailed product geometry, topology, and other properties for
production. The design intent at this stage has to be consistent
with the guidelines specified in the conceptual design, such
as required functions or design patterns (Lee 2005; Ma and
Tong 2003). For example, Stefano et al. (2004) used particu-
lar geometric characteristics in detailed designs to represent
product functionality, but how to connect these geometric
characteristics to the conceptual design for design validation
was not mentioned.

Feature-based approach is also widely used for DFX con-
siderations (Fazio et al. 1999; Boothroyd et al. 2002). Most
research on manufacturability or assemblibility analysis is in
this category, such as machining feasibility, complexity anal-
ysis, interference checking, or moldability evaluation (Ong
and Chew 2000; Chen et al. 2002; Li 2005; Lockett and
Guenov 2005). However, usually in detailed design stage,
only form features are used for product geometry construc-
tion. The purpose of these features is not well specified and
retained. A typical definition of a form feature is “a shape
macro that is constructed for convenience, with little con-
nection to function or manufacturing” (Han and Requicha
1998). Form features hide the tedious geometric modeling
and editing processes from designers. Most current feature
technologies, such as feature relations and validity control,
deal with form features only. Since the purposes of traditional
form features are not well specified, using them directly in
application reasoning is difficult.

CAE features

In CAE analysis stage, the engineering intent is to select parts
of a detailed design that are significant in a specific type of
analysis. For example, the suppressibility feature attributes
can be specified for idealization purpose (Deng et al. 2002).
Lee used idealization features to integrate design and CAE
analysis (Lee 2005). These idealization features contain the
necessary information for the construction of models in dif-
ferent detail or abstraction levels. The idealization features
keep the consistency among these representations. Only the
geometric and topological specifications of the idealization
features are mentioned.

Assembly design features

The main design intent in this stage is achieving the required
product functions through specifying relations between mat-
ing parts. Assembly features were traditionally used to rep-
resent geometric relations between mating parts (Shah and
Rogers 1993; Anantha et al. 1996; Case and Harun 2000;
Chan and Tan 2003). The design intent of these features and
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Table 2 Summary of application features

Application Semantics Geometry Current limitations Source

Conceptual design Representing the
interacting parts. The
interactions result in the
state transitions of the
parts, which are part
behaviors that are used
to realize product
functions

Solid, surface, wireframe Geometric representations
need to be further
studied; Representation
of functions and
behaviors in features are
incomplete

Mcginnis and Ullman
1992; Schulte et al.
1993; Wood and Ullman
1996; Mukherjee and
Liu 1997; Brown 2002

Detailed design Portions of a single part
that materialize the
conceptual design or are
added for DFX purposes

Solid Engineering intent of the
used form features are
not well specified

Han and Requicha 1998;
Ong and Chew 2000;
Chen et al. 2002;
Stefano et al. 2004; Li
2005; Lockett and
Guenov 2005

CAE analysis Portions of a component,
which are significant in
a particular type of
analysis

Solid, surface, wireframe Not included in this
review

Deng et al. 2002; Lee
2005

Assembly design Portions of mating parts
that achieve the product
functions or are created
for modularization or
enhancing the
assemblability

Solid, surface Functional relations
across features are not
well specified

Shah and Rogers 1993;
Anantha et al. 1996;
Deneux 1999; Whitney
et al. 1999; Case and
Harun 2000;
Shyamsundar and Gadh
2001; Csabai et al. 2002;
Chan and Tan 2003; Ma
et al. 2004a, 2007

Process planning Geometry created or used
in manufacturing
processes, which
depends on
manufacturing
constraints or process
planning preferences

Solid, surface Machining features are
not well related to their
engineering intent

Kumar et al. 1992;
Vandenbrande and
Requicha 1993; Joshi
and Chang 1988; Tseng
and Joshi 1994; Gupta
and Nau 1995; Chu and
Gadh 1996; Stefano
1997; ISO 1999; Gaines
and Hayes 1999; Stage
et al. 1999; Raman and
Marefat 2004

Assembly planning Portions of mating parts
that affect the assembly
processes, sequence,
stability, etc.

Solid, surface Not included in this
review

van Holland and
Bronsvoort 2000; Kim
et al. 2004, 2006

the corresponding geometric relations is not explicitly spec-
ified. In addition, these definitions are only suitable when
form features in mating parts have already been created, i.e.
a bottom-up design approach is followed.

However, for top-down design processes, relations
between parts may need to be specified while the detailed
part geometry is still incomplete (Ma et al. 2007). These
relations can be defined as assembly features and used to
assign responsibilities in collaborative design (Shyamsundar
and Gadh 2001; Csabai et al. 2002). The possibility of using
assembly features to represent design intent is mentioned in
Deneux (1999). However, no details are given. Whitney sug-

gested transforming design intent into associations among
key characteristics, corresponding datum flow chains, and
assembly features (Whitney et al. 1999). This approach is
more appropriate for representing design intent than purely
using geometric or algebraic constraints.

Machining features

The origin of the feature technology probably lies in the
search for a high level geometric representation to support
process planning and CNC machining. Initially, only geo-
metric aspects of machining features were considered. It was
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Table 3 Summary of research on feature-based application connection or integration

Approach Connection
mechanism

Connected or shared
entities

Current limitations Source

Feature conversion Direct conversion
between feature
models

Feature volumes Feasibility needs to
be proved

Cunningham and Dixon
1988; Anderson and
Chang 1990; Bronsvoort
and Jansen 1993;
Subramani and
Gurumoorthy 2005

Feature recognition Usually none,
except for the
JTMS used in
(Han 1996)

Geometric entities No connection after
recognition

Henderson 1984; Joshi and
Chang 1988; Tseng and
Joshi 1994; Kim 1994;
Regli 1994; Han 1996

Common feature
definitions

Design by feature Application features
are used for
product design

Application features Limitations on
designers

Shah and Mantyla 1995

Neutral features All applications
support neutral
features

Neutral features Lack of
non-geometric
associations

ISO 1999; Pratt and
Srinivasan 2005

Multiple-view
feature
modeling

Pre-defined central
model

NMT model or
feature model tree

Geometric entities Lack of
non-geometric
associations

Jha and Gurumoorthy
2000; Lee 2005

Incremental
updating the
central model

Cellular model,
intermediate
model or master
model

Geometric entities;
or non-geometric
entities that an
application shares

Lack of
non-geometric
associations

Rosenman and Gero 1996;
Dohmen et al. 1996; de
Kraker et al. 1997; Suh
and Wozny 1997; Martino
et al. 1998; Bidarra et al.
1998; Hoffman and
Joan-Arinyo 1998;
Bronsvoort and Noort
2004

assumed that the purpose of machining features is implic-
itly embedded in the product model. For example, machin-
ing features are traditionally defined as volumes of material
removed in machining operations (ISO 1999). Formalisms,
such as attributed adjacency graph (Joshi and Chang 1988) or
cell decomposition (Tseng and Joshi 1994), were proposed
to represent machining features. Gradually, it was found that
pure geometric methods may result in features, which are
geometrically valid but invalid in the view of machining.
Some researchers proposed using additional methods, such
as the validity test in Vandenbrande and Requicha (1993) to
prune infeasible machining features. Features mentioned in
this paragraph are only machining feature candidates given
to the process planning application for further selection.

To generate feasible and optimal machining feature inter-
pretations of a design, accessibility test and manufacturabil-
ity analysis are used (Gupta and Nau 1995; Chu and Gadh
1996). In this way, although features are still geometrically
defined, engineering intent is used to control the generation
of feature instances (Marefat and Britanik 1997).

Features are also used in other process planning activi-
ties, such as fixturability analysis (Kumar et al. 1992; Chu
and Gadh 1996), as well as in other manufacturing processes,
such as casting (Stefano 1997).

Assembly planning features

Holland and Bronsvoort (van Holland and Bronsvoort 2000)
used handling features to represent feeding methods, feed-
ing direction, fixturing methods, etc. Connection features are
used to represent the insertion position, insertion path, toler-
ances, contact area, etc. Features are generated by assembly
planning activities, such as fixture planning, feeding plan-
ning, stability analysis, etc. Kim et al. studied the assemblies
created by welding and riveting (Kim et al. 2004, 2006). They
used the associations among form features, geometric con-
straints, and joining methods to represent engineering intent.
Non-geometric information is included in features and used
to check whether the design specifications, such as degree of
freedom, are satisfied by the selected joining methods. These
two feature definitions link engineering knowledge, non-geo-
metric entities, features, and product geometry explicitly.

Commonalities of application features

The reviews in this sub-section illustrate that application fea-
tures are commonly regarded as constrained associations
among a group of geometric and non-geometric entities.
Application features must be tightly related to their purposes.
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Pure geometric definitions are insufficient. In detail, the com-
monalities of application features include:

• Features use parameters and attributes to describe geo-
metric and non-geometric feature properties.

• Features refer to a specific set of geometric entities.
• Algebraic and geometric constraints as well as the rela-

tions between features and geometric entities have to be
maintained in order for the geometric integrity and valid-
ity of a feature model to persist.

• Features correspond to particular engineering processes
and intent.

These commonalities provide a basis for the generic defini-
tion of distinct application features.

Developments and requirements of feature-based
concurrent and collaborative engineering

Application integration

Traditional application integration approaches focus on the
geometric data sharing. For example, integrations between
design systems and reverse engineering (Varady et al. 1997;
Benko et al. 2001), rapid prototyping (Starly et al. 2005),
coordinate measurement (Kramer et al. 2001), mesh gener-
ation (Rezayat 1996), virtual reality (Ma et al. 2004b), pro-
cess planning (Fuh and Chang 1996), and assembly systems
(Noort et al. 2002) have been widely studied. In these pub-
lications, the application integration is based on geometric
neutral data formats, such as the Initial Graphics Exchange
Specification (IGES) or the STandard for the Exchange of
Product model data (STEP) (ISO 2000). To support a com-
prehensive integration of applications, a more advanced data
sharing mechanism is needed than those provided by the
existing IGES or STEP standards.

Knowledge-based engineering

The product development process can be regarded as a
sequence of decision making processes. Knowledge-based
engineering (KBE) approaches are used in many CAx sys-
tems to support decision making, such as functional design,
geometric constraint solving, parametric design, assembly
oriented design, feature recognition, determining tooling
components or layout, and process planning (Tor et al. 2002;
Lee and Kim 1996; Myung and Han 2001; Zhang and Xue
2002; Zha et al. 2001a,b; Henderson 1984; Lee et al. 1997;
Mok et al. 2001; Sormaz and Khoshnevis 1997; Park 2003;
Chen et al. 2006). KBE approaches provide a better way than
pure geometric modeling to embed engineering intent during
product development processes.

Product model consistency

Collaborative engineering imposes conditions on the devel-
opment of product modeling systems, i.e. model consistency
among distributed and related applications must be cont-
rolled. In general, the consistency among distinct applica-
tions can be controlled via agents (Rosenman and Wang
1999), CORBA-based distributed programming (Pahng et al.
1998; Chan et al. 2000), or common databases (Kung et al.
1999). In particular, among designers working on the same
product, such as a component, the geometric consistency can
be controlled by specifically developed naming mechanisms
(Lee et al. 1999; Bidarra et al. 2001; Li et al. 2004). For
designers working on different components of an assembly,
assembly features can be used to control the geometric com-
patibility between mating components (Shyamsundar and
Gadh 2002; Ma et al. 2004a). These requirements need to
be considered when developing a product modeling scheme.

Enterprise resource planning

Developed from the initial inventory control, subsequently
material requirements planning (MRP) and manufacturing
resources planning (MRP II), enterprise resource planning
(ERP) are used to integrate separate enterprise information
systems, such as design, manufacturing, material planning,
finance, etc. (Umble et al. 2003; Jacobs and Bendoly 2003;
Giachetti 2004). The main purpose is to increase the agil-
ity of manufacturing and to realize effective management of
virtual enterprises. The importance of ERP is widely rec-
ognized. Many aspects of ERP approach have been studied,
such as the process integration in an ERP system, relations
with the electronic commerce, supply chain, and product data
management (PDM) systems (Akkermans et al. 2003; Park
and Kusiak 2005; Wang et al. 2005; Ou-Yang and Chang
2006).

Recently, the development of ERP and PDM systems has
led effectively to a close-loop, integrated and systematic busi-
ness approach, product life cycle management (PLM). It is
expected that PLM comprehensively and consistently man-
ages all stages of a product’s life cycle (Thimm et al. 2006).
The management involves all product data (in different forms,
views, or granularity) and business processes, which com-
mence from the market requirements to the final product
disposal. The utmost objective is to realize a lean, sustain-
able, and profitable product development process through
improved communication and negotiation among players
from all product life cycle stages (Saaksvuori and Immonen
2005; Stark 2005). However, the engineering data integra-
tion with process models in PLM systems is still not well
studied.
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Application problems

Many problems persist in the implementation of concurrent
and collaborative engineering. They can be categories into
two groups. The first group is related to representation, pro-
cessing, and management methods for engineering intent.
Many decisions made in the product development and man-
ufacturing processes are supported by engineering princi-
ples, concepts, and rules. Product models are the reflection
of engineering intent and hence need to be verified based
on such engineering intent. However, engineering intent is
mainly represented as ‘know-how’ by individual engineers,
or is only implicitly embedded in product data relations. The
lack of intent representation affects the product validation
processes. The second group is related to data mapping and
change management. Concurrent and collaborative engineer-
ing uses separate but related applications. Theoretically, all
CAx applications operate on their specific features mapped
to a common set of data so that the product engineering and
management is efficient with respect to changes. However,
the available technologies have difficulties in maintaining
globally consistent and comprehensive product models.

Existing industrial solutions

Many partial solutions to these problems were developed.
For example, Unigraphics software streamlines commands
to propagate changes of shared models among users within
a collaboration environment (UGS 2006). However, such
a data sharing mechanism is only supported when collab-
orators use the same software. To support real time solid
model sharing and modifications among diverse CAx sys-
tems, ‘OneSpace’ collaboration software uses IGES or STEP
as the common neutral format (CoCreate 2006) for all users.
Product models with other data formats must be converted
into a neutral format. In addition, only geometric data is
shared. As analyzed in (Chen et al. 2006), sharing of non-
geometric data, such as parameters, constraints, and features
among different CAx systems is still an unresolved prob-
lem due to the lack of a commonly accepted representation
scheme (Pratt et al. 2005). The widely used feature technol-
ogy has the potential to solve these problems.

It should be noted that the nature of Product development
stages is inter-related and mutually constraining. Different
application models represent different aspects of the same
product. When an application model is changed, the changes
must be propagated to other related applications for check-
ing and updating (Park and Khoshnevis 1993; Dohmen 1997;
Ma and Tong 2003). Therefore, application models must be
connected or integrated. Ideally, this task can be achieved by
using feature technology. Many approaches have been pro-
posed as shown in Table. These approaches are discussed in

Sections “Application problems”, “Existing industrial solu-
tions”, “Feature conversion” and “Feature recognition”.

Feature conversion

Some researchers suggested using feature conversions to
directly convert one feature model into another feature model
(Bronsvoort and Jansen 1993; Gao 2004). This approach is
supposed to maintain the consistency between feature mod-
els through direct connections. It can also use non-geometric
information stored in the existing feature model to derive new
feature models (Bronsvoort and Noort 2004). For example,
Anderson and Chang use geometric reasoning to re-group
design features into machining features (Anderson and Chang
1990). However, they assumed that part designs are created
using only subtractive features, which can be regarded as
primitive machining features. To convert protruding feature
models to negative feature models, Gurumoorthy et al. used
a clipping and classification method (Subramani et al. 2004;
Subramani and Gurumoorthy 2005). They consider only geo-
metric relations between feature models.

Feature conversions directly link feature models. How-
ever, the most common and also the most difficult task of
feature conversion is to develop a consistent scheme accom-
modating different feature representations and variations
even though they could be based on the same set of geometric
entities (Shah 1988). The many-to-many relations between
feature elements make direct feature conversion almost infea-
sible. The non-geometric information carried by the feature
model must be used together with the geometric information
to derive a new feature model. Otherwise, feature level oper-
ations, such as change propagation under a hybrid approach
can be prohibitively troublesome.

Feature recognition

The feature recognition approach recognizes features from
solid models. Many researchers focus on this issue (Hen-
derson 1984; Joshi and Chang 1988; Regli 1994; Kim 1994;
Tseng and Joshi 1994; Pal 2005). The multiple interpretations
and feature interactions are main hurdles that hamper the use
of this approach. Some researchers proposed to use engi-
neering intent to solve these two problems (Vandenbrande
and Requicha 1993; Gupta and Nau 1995; Gaines and Hayes
1999; Stage et al. 1999; Li et al. 2002; Raman and Mare-
fat 2004). In other words, instead of pure geometric reason-
ing, features are recognized within a particular engineering
context.

In addition, traditional feature recognition tools do not
establish relations between the solid model and the recog-
nized feature model. Any change in the solid model inval-
idates the whole recognized feature model. To solve this
problem, Han proposed to use volumetric interference
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checking and a Justification-based Truth Maintenance
System (JTMS) to manage geometric relations between
design features and machining features (Han 1996). When-
ever design features are modified, the machining feature
model is updated accordingly. However, non-geometric rela-
tions between design and machining features should be
recorded and maintained too. For example, without any geo-
metric modifications, just a change to the tolerance specifi-
cation of a design feature may invalidate the corresponding
machining features (Zhou et al. 2002).

Common feature definition approach

Due to the difficulties of feature conversion and recognition
approaches, it was proposed to use the same set of features
for multiple applications as an alternative solution to appli-
cation integration. This would save the effort of recognizing
features and can also be used to support consistency control.
The ‘design-by-feature’ approach can be regarded as belong-
ing to this category. The initial purpose of the design-by-fea-
ture approach is to consider the downstream requirements in
the design stage. When a common set of features are used for
application integration, the maintenance of the consistency
between design and application models is simplified. How-
ever, this approach imposes unreasonable limitations onto
designers and is too rigid to deal with application integra-
tion. Another approach uses a set of neutral features, which
are supported by all applications as for example STEP (ISO
1999). However, such hard-coded features can never be com-
prehensive and complete due to the varieties of applications.
Currently, STEP standards mainly focus on geometric repre-
sentations of machining features.

Multiple-view feature modeling

Feature conversion, feature recognition, and design-by-fea-
ture approaches create sequential relations between feature
models. However, in concurrent engineering, multiple views
need to be maintained simultaneously to keep them consis-
tent. To meet this need, the multiple-view feature modeling
approach has been proposed. In a multiple-view feature mod-
eling approach, each feature model, which corresponds to a
particular development stage, is a view of the whole product
model. Two main methods to realize multiple-view feature
modeling exist:

• Pre-defined central model: Jha and Gurumoorthy pro-
posed a feature tree, which includes all the feature expla-
nations of a product model, to achieve the application
integration (Jha and Gurumoorthy 2000). Lee used a
non-manifold topology to integrate design and analy-
sis models (Lee 2005). Multiple levels of abstraction of

each solid primitive are predefined in the corresponding
feature classes and stored in a multi-dimensional model
when features are generated. First, these two methods are
geometric in nature, engineering intent is not represented.
Second, the extensibility and applicability of these meth-
ods have to be proven since all feature interpretations or
abstractions need to be predefined.

• Incrementally updating a central model: Bronsvoort et al.
developed multiple-view feature models that encompass
several product development stages. These feature mod-
els are integrated on the basis of a common cellular model
(Bidarra et al. 1998). The cellular model is a non-man-
ifold geometric model, which represents the combined
product geometry from all stages (Dohmen et al. 1996).
The relations among these views are established on the
linking faces of features (de Kraker et al. 1997). Suh and
Wozny proposed a set of fundamental features, which
are actually faces, edges, and vertexes, as a common
layer to support multiple applications (Suh and Wozny
1997). Application features are generated by analyzing
and re-grouping these fundamental features. Martino
et al. suggested using an intermediate model to inte-
grate applications (Martino et al. 1998). The interme-
diate model consists of a set of common faces shared by
features from different applications. Common faces are
used to propagate modifications. These approaches con-
sider only geometric relations between feature models.

It can be concluded that due to its unique nature, the feature
concept is capable of linking knowledge to geometry as well
as integrating applications. However, current feature tech-
nology is insufficient for these two purposes. In the next sec-
tion, these insufficiencies are identified and listed as research
issues.

Research issues

To fulfill the requirements of concurrent and collaborative
engineering approaches, the shortcomings of the current fea-
ture technology must be addressed. These shortcomings are
here presented as research issues.

Feature interoperability

Diverse feature definitions make the transfer or sharing of
feature data among applications difficult. Traditional neutral
feature definitions, such as (ISO 1999), focus on the rep-
resentations of feature geometries. Neutral representations
of parameters and constraints are still immature. In addi-
tion, engineering intent cannot be completely represented by
parameters and numerical constraints. Recent development
of STEP tries to extend those feature contents which can be
neutrally represented (Pratt and Srinivasan 2005). However,
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whether to include all information into a single feature def-
inition is desirable or not, is still uncertain (Bronsvoort and
Noort 2004).

Feature association can be used to represent intent. An
associative feature concept was proposed to represent rela-
tions between different forms of geometric entities depend-
ing on specific applications (Ma et al. 2003; Ma and Tong
2003, 2004). Associative features also model the evolvement
of features at different stages of product development. The
modifications made in one stage may affect the validity of
the model in another stage. This associative feature concept
can be extended to non-geometric associations. Furthermore,
Ma et al. use assembly design features to represent essential
relations between geometric entities, which may be assem-
blies, components, features, or faces (Ma et al. 2004a, 2007).
These relations are design patterns generated in the concep-
tual design stage. Assembly design features can be regrouped
and derived from specific viewpoints, such as functional
design, assembly planning, or manufacturability analysis.

For process planning, the resource adaptive feature con-
cept was proposed to represent associations between machin-
ing volumes and cutting tools, machines, and setups (Gaines
and Hayes 1999; Stage et al. 1999; Raman and Marefat 2004).
These resource adaptive feature definitions are not purely
geometric. The machining specific entities, e.g. machines or
cutting tools, are explicitly defined in feature classes as attri-
butes or constraints. These associations are generated by a
reasoning process, such as the machining sequence determi-
nation, setup determination, or tool selection process. These
associations participate in the representation of process plan-
ners’ intent.

More research efforts are needed to develop a neutral and
complete representation of intent. Another issue is that the
traditional neutral feature definitions are usually rigid.

Engineering intent representation and management

Numerical constraints (geometric or algebraic) are com-
monly used to represent design intent (Shah et al. 1994) and
mostly with respect to detailed geometry. However, numer-
ical constraints cannot represent design intent flexibly and
completely. There are two reasons. The first is that numeri-
cal constraints represent only a subset of low level possible
solutions in view of realizing design intent. Other solutions,
working with high level collective templates, can embed
engineering knowledge at high levels, should be investigated.
The second reason is that certain relations cannot be repre-
sented by numerical constraints. For instance, two design fea-
tures may be related because they are used together to realize
a product function. Such inter-feature dependency relations
are used to justify the presence or determine the properties
values of features, but are too complicated to be expressed
with numerical constraints.

Generally, so far, with today’s technology engineering
intent cannot be represented in a complete and explicit man-
ner is still not available. In the real world, majority of the
decisions are made in the conceptual design stage. The inte-
gration of conceptual design into the whole product model
is a prerequisite for a comprehensive and explicit design
intent representation (Chandrasekaran et al. 1993; Hender-
son 1993; Gui and Mantyla 1994). Two aspects of benefits
can be expected. Firstly, downstream life cycle stages bene-
fit from the concise and precise functional description of the
product. Secondly, the time and effort for design modifica-
tion or reuse can be reduced because alternative solutions are
stored in the product model explicitly.

To represent the relations between product functions and
physical structures, Kusiak et al. used a rule-based system
to decompose customer requirements and functions, to map
requirements to functions, and to record alternative solu-
tions (Kusiak et al. 1991); other researchers identified the
necessity of using part behavior to bridge the gap between
abstract functions and physical objects (Welch and Dixon
1992; Umeda et al. 1996; Qian and Gero 1996). Their
researches indicate that product functions represent by part
behaviors model deeper design knowledge than geometry,
topology, parameters, and constraints. In turn, each part
behavior can be represented by its state transitions and is
driven by part interactions.

However, the vagueness of the product geometry in the
conceptual design stage creates an unresolved issue although
it may be addressed by non-manifold geometric modelers
and configuration spaces (Wong and Sriram 1993; Guan et al.
1997). Referring to Section “Conceptual design features (also
called functional features)” about definitions of conceptual
design features, it is clear that more research is needed in
using feature technology to support conceptual design; link-
ing conceptual design to other stages for sustainable engi-
neering intent representation is far from complete.

In fact, DFX also expresses a kind of engineering intent.
Some design specifications are intended to ease activities in
downstream stages. For example, Thimm et al. (2004a,b)
proposed a graph-based method for automatic machining
sequence generation and tolerance analysis for rotational
parts. A design dimension tree is used to generate ideal datum
hierarchy trees and to measure real process plan efficiency.
The structure of the datum hierarchy tree underlying a pro-
cess plan is used to generate heuristics for more efficient
design dimensioning schemes. Such heuristics serve the pur-
pose of specifying better design dimension schemes for pro-
cess planning and should be recorded in the product model.

Multiple-view geometric representation

Since different application features are associated and yet
differently defined, their feature geometries may overlap. In
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addition, their representations may obey different geometric
modeling requirements, such as using solid, surface, or wire-
frame representation. In a multiple-view feature-based prod-
uct modeling scheme, incorporating these multi-faceted and
diverse representations into a single geometric model and
keeping them consistent are unresolved issues. The multi-
dimensional, non-manifold cellular topology may lead to a
solution. Following the pioneer work of Weiler (1988a,b),
in which the radial edge structure was proposed to represent
non-manifold geometries, the use of non-manifold geomet-
ric model to store canonical forms of the original objects,
even if they are not on the final boundary, were discussed in
Crocker and Reinke (1991); Masuda (1993). Non-manifold
geometric models can be used to integrate applications (Sri-
ram et al. 1995; Lee 2005). However, these publications did
not fully apply the multi-dimensional, non-manifold topol-
ogy to feature-based product modeling processes. Bidarra
et al. proposed a cellular model to support multiple-view
feature-based product modeling process (Bidarra et al. 1998
and 2005). Traditional B-rep and CSG usually represent only
two-manifold solids. It is not easy to represent overlapping
and multi-dimensional geometries in these schemes. This
limitation makes them unsuitable to support application inte-
gration. The cellular topology, due to its unique data struc-
ture, overcomes afore mentioned limitations in geometry
modeling; hence it is more suitable to serve the integration
purpose. However, at present, the cellular topology has only
been applied to 3D features. The cellular topology is also
used for collaborative design (Wu and Sarma 2001; Lee et al.
2004) and efficient feature recognition (Woo 2003).

The multi-dimensional cellular topology has the capa-
bility to realize the geometric integration of feature-based
applications. However, this has not been fully realized yet.
In addition, the propagation of geometric modifications and
in turn the maintenance of geometric consistency among dif-
ferent dimensional feature models are still research issues
need to be addressed.

Persistent representation for non-geometric associations

The review in Section “Relations in a feature-based appli-
cation model” shows that, for a single stage, non-geometric
relations exist and are important. However, they are usually
not well formulated and maintained for the reason that they
often cannot be fully represented as numerical constraints.
Furthermore, it is the engineering intent that actually controls
the generation of a product model (Stage et al. 1999; Park
2003). The associations between engineering intent and the
corresponding features have to be established and managed in
order to allow product validation. Dependency networks pro-
vide a general solution. Kusiak and Wang (1995) used depen-
dency relations to represent constraints on design variables.
Four types of constraints are mentioned: equation, qualitative

constraints, computer-based procedures, and influence rules.
Park and Cutkosky (1999) used precedence, constraints, and
abstraction links to model dependency relations during the
collaborative engineering processes. Eastman (1996) ana-
lyzed how to use the dependency network to determine the
influence scope of a design modification.

Non-geometric relations exist across the boundaries of
application models. For example, associations between func-
tional requirements in the conceptual design and geometric
constraints or tolerance specifications in the detailed design
must be maintained. Gorti and Sriram (1996) discussed the
mapping of the functional relations among components to
the corresponding spatial relations. In such a way, alterna-
tive spatial relations for the same functional relations can
be found. Ranta et al. (1996) suggested generic ontologies
to connect product development stages and discussed com-
mon function based associations among geometric entities as
well as the possible mapping of abstract functional require-
ments to geometric constraints. Roy et al. explained that part
specifications usually depend on product functional require-
ments (Roy et al. 2001; Roy and Bharadwaj 2002). Spa-
tial relations cannot represent product functions completely.
Energy transfer relations between part faces are essential in
describing product functions and determining product spec-
ifications, such as fit types, tolerances, and surface finishes.
Bronsvoort and Noort identified some non-geometric rela-
tions among feature models in a multiple view modeling sys-
tem (Bronsvoort and Noort 2004). However, they use only
geometric relations to connect detailed designs with assem-
bly planning and manufacturing planning views. In addition,
the connection mechanism between non-geometric data is
unclear. In these publications, inter-stage non-geometric rela-
tions are usually established as direct links among specific
entities. A more systematic and scalable method for sharing
non-geometric data needs to be developed.

Hoffman and Arinyo proposed a generic architecture to
establish and maintain associations between application
models (Hoffman and Joan-Arinyo 1998, 2000). In this archi-
tecture, each client view deposits a part of its data into a mas-
ter model and associates its private data to the public data.
In the case of a modification, the master model notifies the
associated clients, which are responsible for maintaining the
consistency. However, no implementation details are given.

Unifying different application features

Generally, features have two parts: a geometric represen-
tation and a non-geometric representation. The geometric
representation can be unified based on the cellular topology
based modeling schemes. The unification of representations
of engineering intent is more difficult because it is much
more application specific. A generic, complete, and flexible
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feature definition, which can represent the commonalities of
different application features, is needed.

Integrating knowledge-based methods with CAx tools

A full integration of KBE with CAx systems has not mate-
rialized yet (Hoffman and Joan-Arinyo 2000; Ma and Tong
2003; Roller and Kreuz 2003). Problems encountered include
(1) Representing engineering intent using KBE; (2) Using
engineering knowledge to drive product modeling or pro-
cess planning; (3) Associating engineering knowledge with
product designs or process plans; and (4) One-way control
mechanism only from KBE systems to CAx systems, e.g.
from knowledge to decisions, such as product configurations
or machining methods; using engineering knowledge to ver-
ify product designs or process plans is not fully studied.

Establishing and maintaining non-geometric relations

The first challenge is to identify the major intra- and inter non-
geometric relations in feature-based, multiple-view product
models. The second challenge is to find suitable methods to
represent and manage these non-geometric relations for the
purpose of maintaining the validity and consistency of prod-
uct models. With the addition of non-geometric relations, the
efficiency with which modifications are propagated under a
multiple-view product modeling approach becomes a chal-
lenge.

The authors’ view of a new paradigm

Feature technology has been widely accepted as an effec-
tive means to implement engineering patterns to interface
users and computer models in CAx systems. In CAD/CAM
systems, feature technology is capable to bridge engineering
semantics and geometry. However, from the viewpoint of
maintaining the validity and consistency of product models,
current feature technology still has severe shortcomings:

• Different feature definitions and their data structures
make transferring and sharing data between applications
difficult. A generic and flexible data structure is neces-
sary.

• Engineering intent is not uniformly represented and main-
tained.

(i) The engineering intent proper to each application
needs to be identified.

(ii) A method to represent and maintain engineering
intent in product models is needed.

• Keeping the associated geometric representations of fea-
ture models consistent is difficult due to the different

characteristics of feature geometry in distinct CAx appli-
cations.

• Non-geometric relations within and among application
models are not generically represented and exploited.

• The lack of methods that determine the influence scope of
any modification, especially across development stages.
This shortcoming makes change propagation inefficient.

Based on the literature review, the authors believe that a fea-
ture-based unification approach is most suitable to bridge
engineering semantics and product geometry and eventually
integrate multiple applications. The key concept of the pro-
posed approach is to establish a common theoretical frame
work based on a generic feature definition as the parent
class based on the object-oriented philosophy and develop
the infrastructure that can deal with different features and
abstract-levels of information in a coherent manner. This
frame work can guide the implementation of effective inter-
faces among different applications via necessary feature level
mappings to achieve feature level interoperability automati-
cally. Ideally, a unified systematic CAx integration approach
supporting applications across product life cycle stages. The
feature-based interoperability scheme and mechanisms con-
nect levels information of different granularity. Information
association and unification are the strategies in this approach.
With complete and explicit data associations, tedious, error-
prone, and usually manual engineering change management
in CAx systems require can be avoided. Unification is neces-
sary because diverse CAx systems coexist and have different
data structures.

Extending feature definition to support engineering intent
embedment and data sharing among applications

Traditional features are specifically defined for certain com-
puter applications, and used mainly to represent parameter-
ized geometric shapes. This is insufficient. First, a generic,
flexible, and scalable feature definition is needed such that
a common object class data structure can be used for differ-
ent applications (Ma 2005). Second, besides geometry, non-
geometric feature data needs to be generically defined. The
authors propose that a generic feature definition should be
used as an intermediate information layer to associate prod-
uct geometry and engineering knowledge consistently and
explicitly. Here, ‘generic’ emphasize the ‘abstracted’ class
definition that support polymorphic definitions of features
such that systematic processing methods, including reposi-
tory services, validating checking routines, and change prop-
agation, can be shared and automated. This idea is supported
by some research works related to associative or resource
adaptive features (Raman and Marefat 2004; Ma and Tong
2003; Ma et al. 2007; Kim et al. 2004), and extended fea-
ture types and ontology schemes reported (Pratt et al. 2005;
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Brunetti and Grimm 2005). However, none seems to have
reached maturity.

Engineering intent representation and management
in product models

Engineering intent representation was researched on for some
time already but a concrete foundation has not been estab-
lished yet: methods to link conceptual designs to detailed
designs (Ranta et al. 1996; Brunetti and Golob 2000,
Bronsvoort and Noort 2004) were preliminarily explored
while some conceptual frameworks were proposed for the
integration mechanisms between knowledge engineering
methods and computer aided product design tools (Penoyer
et al. 2000; Roller and Kreuz 2003).

Inter-stage non-geometric relations

Non-geometric relations among stages are barely addressed.
These relations need to be identified and managed because
they are crucial for consistency control among product mod-
els. Feature-level associations can be used to represent these
non-geometric relations.

Multi-dimensional geometric modeling

To accommodate different types of features (e.g. non-mani-
fold and of varying dimensional degrees) multi-dimensional
geometric models must be integrated. As discussed in the
earlier section of “Extending feature definition to support
engineering intent embedment and data sharing among appli-
cations”, the multi-dimensional cellular model can accom-
modate different geometric representation and modeling
requirements uniformly. It can represent intermediate or over-
lapping geometries. It can also be used to keep the original
forms of features regardless whether they are on the final
boundary of the part or not. The feasibility of this approach
has been studied in (Lee 2005; Bidarra et al. 2005).

Representation of dependency relations

Complete dependency relations must be maintained for effec-
tive and efficient management of engineering changes.
A dependency network can be used to record and manage the
dependency relations in product modeling processes. A truth
maintenance system approach (Han 1996) can accommodate
different types of dependency relations uniformly, such as
numerical constraints, antecedent to consequent relations in
engineering rules, and feature objects dependency relations
in feature recognition or conversion processes.

Conclusions

This paper has provided a review of the existing research
works on the integration of systems across different prod-
uct life cycle stages. It has also identifies research issues
for solving the existing problems. It identifies features and
related technology as the likely best approach to solve many
of the problems incurring during the integration of CAD and
other tools used in the development, manufacturing, and other
product life cycle stages. Literature related to geometric and
non-geometric features, their use in applications, the main-
tenance of their consistency within and across applications
is reviewed and therefore the ‘state of the art’ in concurrent
and collaborative engineering is established. Finally, unre-
solved issues and research challenges are highlighted and
a new paradigm for product modeling and manufacturing,
feature-based concurrent and collaborative engineering, has
been proposed. The proposed approach intends to extend the
traditional feature concept to a flexible and enriched data
type, which can be used to support the validity maintenance
of product models. This approach is able to support data
associations and propagation of modifications across prod-
uct development life cycle stages. Ideally, it can be used to
improve the feature level interoperability in future virtual
enterprises and collaborative engineering.
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